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(57) Abstract 

An optical amplifier includes an optical 
feedback resonant laser cavity (OFRC) includ- 
ing a power dependent loss element (PDLE) 
having the characteristic that as the incident 
laser power on the PDLE increases the cav- 
ity loss decreases. The OFRC with the PDLE 
provides optical gain control or optical power 
control for a WDM amplifier or a single chan- 
nel power equalization amplifier (PEA), re- 
spectively. A IxNxN WADM node incorpo- 
rating more than one of these amplifiers, at 
least some of which commonly share a pump 
source, and a method for controlling a tran- 
I sient power change in a single channel optical 
j amplifier or reducing a DC gain error in a 
| WDM optical amplifier that are subject to dy- 
namically variable operating conditions at an 
input of the amplifier, are also disclosed. 
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OPTICAL AMPLIFIER WITH POWER DEPENDENT FEEDBACK 

Background of the Invention 

5 I . Field of the Invention 

The present invention relates generally to fiber optical WDM transmission 
systems and optical amplifiers used therein, and more particularly to an optical 
feedback resonant laser cavity (OFRC), including a power dependent loss element 
(PDLE) for optical gain control. (OGQ_or optical power control (OPC), and to a 

10 method for implementing such control, which is particularly useful, although not so 

limited, in amplified wavelength add/drop multiplexed (WADM) transmission nodes. 

2. Technical Background 

Wavelength division multiplexing (WDM) is a demonstrated technology for 

15 increasing the capacity of existing fiber optic networks. A typical WDM system 

employs multiple optical signal channels, each channel being assigned a particular 
wavelength or wavelength band. In a WDM system, optical signal channels are 
generated, multiplexed to form an optical signal comprised of the individual optical 
signal channels, transmitted over a single waveguide, and demultiplexed such that each 

20 channel is individually routed to a designated receiver. Multiple optical channels can be 

amplified simultaneously in optical amplifiers such as erbium doped fiber amplifiers 
(EDFAs), facilitating the use of WDM systems for long distance transmission. 
Add-drop multiplexers are used, for instance, at nodes in a WDM 
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communication network to extract one or more channels from rhe multiplexed strean, 

I, one rematnrn. channels pass thr„u g h unaltered ro r h e next node and .0 me 
^exed srreanr a new channel for transmission. Anorher appltcauon of s ch 
LI is for rou,,„ g nodes of reconfigure optica, nerworts, name ly reroufn 

certain tnformation stress as a result of changed traffic conditions or ro remedy a 

failure downstream from the node. 

consists respectively of g ain-eon t roUed input and output amplifiers ,21. 123. . of 
ZZ Nxl mmripIexersMemuIripIexers L25, 127, and an array of 
29 This .y P e of W ADM node rs herein referred ,0 as a IxNx. node s.nce rhere ,s a 
mg I. inpu. amplifier and a single output amplifier. both of which are .*e.y gam 
flaLed and g ain conrrolled amplifiers. Wavelength add/drop multiplextng permns 

ro be Led from differenr networks or propagare throu g h differenr spans. As a 
Jsult, however, .he per channel power after each add/drop switch can vary 
si^ficandy. say by YdB. An approach ro equalize channel power a, r e outpu of 

( VOA) 131 in each channel pa* ro matntain consran, channel power. Due , .h e 
haractensttcally slow VOA response, however, rhe sealing r.me for channel ^ 
varies from milliseconds ro seconds depe„din g upon rhe VOA technology employed. 
, Although VOA response rimes are nor currently problematic (as some trafftc 

interna ..on is expected for switched channels!, there is a significant pump power 
penalty in the output amplifier imposed by .he required protect.on of the survtvmg 

„„ Is For example, a VOA wirh a feedoacx con.ro! has ro level .he . channel power 
wtL may vary he,ween channels by a value of VdB (that is. by times as muc 

„ „„ a Unear scale), as menttoned above. To protect the s.gna, in a wor, case where N-l 

, • • i»o^n.iQlv all with a YdB excess power, the pump power ot 
channels are added simultaneously, all wtin a r 

the output amplifier needs ro supporr (10<™x (N-l,) ♦ 1 channels of power before .he 
VOA can respond. In other words, the pump power penalty ,o protect the surv.vtng 
channel is almost YdB if N is large. 

One sugsested approach to address this problem constsrs of replacng rhe VOAs 
and the output amphfier of the IxNxl architecture with muftip.e parallel power 
equalization amplifiers (PEAS, as schematic** shown in FIG. 2. ro form what ,s 
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referred to herein as a lxNxN architecture because there are N optically controlled 
outputs. Each PEA can be designed to operate in its saturation regime so that the 
output signal power is determined by the pump power and is substantially independent 
of the input powers. Simulation results have shown that it is possible for the output 
5 power of these PEAs to differ by only 0.5dB for an input power difference of 6dB, and 

a ldB difference has been experimentally demonstrated. Although this approach is cost 
effective in that the VOAs and a complex output amplifier are eliminated from the 
system, and separate pump diodes for each PEA are replaced by a shared pump source, 
there is a recognized need for transient (as channels are added/dropped ) power control 
10 of each of the parallel amplifiers. Without such control the inversion of the amplifier is 

higher when a channel is dropped, and there is a large transient power spike when 
another channel is added back into the amplifier. Repeatedly amplifying this transient 
spike along the amplifier chain may result in component damage or an even greater 
pump power penalty to protect the surviving channels. However, because these parallel 
15 amplifiers share the pump source, individual transient control is not easily achieved by 

conventional electrical control such as by regulating the pump power. 

One way of addressing this issue is to incorporate an optical feedback resonant 
laser cavity (OFRC) in each PEA so that the transient control is individually applied to 
these parallel amplifiers, even though they commonly share the pump power. For 
20 controlling the power transient of the PEAs, the OFRC is configured so that an optical 

power control (OPC) laser turns on (lases) when a signal channel is dropped from the 
PEA. Ideally, the OPC laser turns off (stops lasing) when a signal channel appears in 
the PEA, so that the PEA is only saturated by the signal channel and the signal channel 
extracts all of the available energy provided by the pump power. However, because 
25 there may be a power variation of YdB among the signal channels, the OPC laser has to 

be turned off by a signal channel having the lowest possible channel power. In order to 
achieve this operating condition, the cavity loss of the OFRC must be high. However, a 
high loss produces a low OPC laser power when the laser turns on, and thus a high 
amplifier inversion. As a result, if a signal channel with a high power is added into the 
30 highly inverted PEA which is saturated by an OPC laser with low power, there will be a 

transient power spike due to that high inversion. To eliminate the transient spike, the 
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OFRC requires a lower cavit -ss and higher OPC laser power. This presents the 

paradox of having a high loss ^nd a low loss in the OFRC. 

In addition to the transient power control of the PEAs, discussed above, the 

WDM input amplifiers shown in FIG. 1 and FIG. 2 are gain-controlled to reduce 
steady-state (DC) gain error. A common technique to implement such control in a 
WDM optical amplifier involves configuring each amplifier with an OFRC such as an 
optical gain control (OGC) laser cavity. It is well known for such a configuration that 
the optical gain must equal the passive loss at the lasing wavelength. As a result, for a 
homogeneous medium the optical gain at all wavelengths in a given spectrum is locked 
once the gain is fixed at any particular wavelength. Thus the gain spectrum of the 
amplifier is determined once the OGC laser wavelength and the passive loss at that 

wavelength are determined. 

It is now appreciated by those skilled in the art that an erbium doped fiber 
(EDF) is not a purely homogeneous medium for light amplification; rather, it exhibits a 
certain degree of inhomogeneity. This circumstance gives rise to the phenomenon of 
spectral hole burning. When the power of the OGC laser is increased, for example, by 
dropping channels or by increasing the pump poro. the spectral hole at the lasing 
wavelength gets deeper and results in a steady-state (DC) gain error in the signal band. 
This is illustrated schematically in FIG. 3(a). Accordingly, there is a need to solve the 
gain error problem caused by spectral hole burning by the OGC laser when signals are 
added or dropped, or the pump power is changed. 

Summary of the Invention 

An embodiment of the present invention is directed to an optical amplifier that 
includes a gain medium; a pump source coupled thereto to excite the gain medium; an 
optical feedback resonant laser cavity (OFRC) coupled to the gain medium; and a 
power dependent loss element (PDLE) in the OFRC which exhibits a decreasing loss as 
a function of increasing incident laser power. The OFRC with a PDLE according o the 
invention provides optical gain control (OGC) for a WDM amplifier or optical power 
control (OPC) for a single channel amplifier, when either of which are subject to 
dynamically changing amplifier input conditions. In a preferred aspect of this 
embodiment, the PDLE is a passive mechanism such as a saturable absorber. The 
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saturable absorber can be a length of rare earth doped fiber, and more preferably an 
erbium doped fiber. In an alternative aspect the PDLE can be an active mechanism 
such as a light intensity modulator, namely an acousto-optic modulator or an electro- 
optic modulator, with a feedback control. The preferable OFRC is in the form of a ring 
cavity, or alternatively a linear cavity. The OFRC structure and associated components 
used to couple the OFRC to the amplifier will substantially determine the lasing 
wavelength of the laser. For example, a ring cavity will preferably be coupled to the 
amplifier via two wavelength selective couplers which transmit the signal band 
wavelengths and couple the wavelength band of the OGC laser or OPC laser to the 
feedback cavity. Similarly, a linear cavity will preferably utilize a grating structure as a 
cavity end reflector/transmitter with the reflected light corresponding to the lasing 
wavelength and the transmitted light corresponding to the signal band wavelengths. The 
amplifier is preferably an EDFA, but alternatively could be a semiconductor amplifier, 
a Raman amplifier, a Brillouin amplifier, or other type of amplifier operating over 
15 conventional or extended optical bandwidths. 

In another embodiment, a wavelength add/drop multiplexed (W ADM) 
amplified opticaTtransmission node includes an M in x N out port demultiplexer with M in 
> 1 and Nout > 1 for demultiplexing an optical signal having a wavelength range AX in 
into a plurality of N optical signals each having a discreet wavelength h (i=l to N), or a 
20 plurality of N optical signals each having a wavelength range AXj (j=l to N-l); N 

add/drop signal propagation paths each coupled at one end thereof to an N OU i port, 
wherein each signal propagation path includes an optical amplifier having a gain 
medium; and an N in x Zo Ut multiplexer with Zo U , > 1 for multiplexing at least some of 
the N in optical signals, coupled to another end of the N add/drop signal propagation 
25 paths, and which is characterized in that a plurality of the N optical amplifiers each 

includes an optical feedback resonant laser cavity (OFRC) coupled to the respective 
gain media of the amplifiers and further includes a power dependent loss element 
(PDLE) that exhibits a decreasing loss as a function of increasing laser light intensity 
input to the PDLE and vice-versa. 
30 As described above with regard to the optical amplifier embodiment, the 

preferable OGC or OPC laser cavity is in the form of a ring cavity, or alternatively a 
linear cavity, and the lasing wavelength is substantially determined by the coupled 
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wavelength. For example, a ring cavity will preferably be coupled to the amplifier via 
two wavelength selective couplers which transmit the signal band wavelengths and 
couple the laser wavelength. Similarly, a linear cavity will preferably utilize a grating 
structure as a cavity end reflector/transmitter with the reflected light corresponding to 
5 the lasing wavelength and the transmitted light corresponding to the signal band 

wavelengths. In a preferred aspect of this embodiment, the PDLE again is a passive 
mechanism such as a saturable absorber. The saturable absorber can be a length of rare 
earth doped fiber, and more preferably an erbium doped fiber. In an alternative aspect, 
the PDLE similarly can be an active mechanism such as a light intensity modulator, 
10 namely, an acousto-optic modulator, with a feedback control. 

In a further embodiment of the invention, a method for controlling a transient 
power change in a single channel optical amplifier or reducing a DC gain error in a 
WDM optical amplifier that are subject to dynamically variable operating conditions at 
an input of the amplifier, and including an OFRC coupled to a gain medium of the 
15 amplifier having an output power that is dynamically dependent upon the operating 

conditions, includes the step of decreasing the cavity loss of the OFRC as the output 
power of the OFRC increases or vice-versa, whereby the inversion of the amplifier gain 
medium is dynamically varied to reduce gain or power changes in the amplifier. 

The invention described herein provides a device and method for improved 
20 optical gain or power control. The advantages of optical (in contrast to electronic) 

control are well appreciated and include the attributes of being passive (that is, 
substantially independent of gain ripple, signal input powers, and pump power) and 
self-contained. The invention is especially useful in WADM applications, as well as for 
soliton propagation systems, in which precise channel powers are important, and which 
25 benefit from the power "re-equalization" at each lxNxN node. Since at each lxNxN 

node the channel power is re-equalized after a PEA such that the output power is 
independent of the input power, gain ripple does not accumulate along a chain of 
amplifiers. 

Additional features and advantages of the invention will be set forth in the 
30 detailed description which follows, and in part will be readily apparent to those skilled 

in the art from the description or recognized by practicing the invention as described in 
the written description and claims hereof, as well as the appended drawings. 
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It is to be understood that both the foregoing general description and the 
following detailed description are merely exemplary of the invention, and are 
intended to provide an overview or framework to understanding the nature and 
character of the invention as it is claimed. 

The accompanying drawings are included to provide a further understanding of 
the invention, and are incorporated in and constitute a part of this specification. The 
drawings illustrate embodiments of the invention, and together with the description 
serve to explain the principles and operation of the invention. 

Brief Description of the Drawings 

Fig. 1 is a schematic illustration of a conventional lxNxl WADM node with a 
single input and output amplifier; 

Fig. 2 is a schematic illustration of a conventional lxNxN WADM node with 
parallel power equalization amplifiers (PEAs) and a commonly shared pump; 
l5 Fig. 3(a) is a plot of two gain versus wavelength curves for different signal 

channel counts without a PDLE according to the invention; 

Fig. 3(b) is a plot of two gain versus wavelength curves. for different signal 
channel counts with a PDLE according to the invention; 

Fig. 4 is a schematic illustration of an amplifier with an OFRC including a_ . 
20 PDLE according to an embodiment of the invention; 

Fig. 5 is a plot of power dependent loss versus incident laser power from an 
OGC laser for a PDLE according to an embodiment of the invention; 

Fig. 6 is a plot of two sets of data points of gain versus wavelength for optical 
signals amplified by an OGC amplifier when the OGC cavity loss is fixed (VOA only) 
25 and when the OGC cavity contains a PDLE according to an embodiment of the 

invention; 

Fig. 7 is a set of plots of gain error versus wavelength for eight optical signal 
channels amplified by an OGC amplifier when seven channels and one channel, 
respectively, are dropped, when the amplifier has a fixed loss and a PDLE in the OGC 
30 cavity according to an embodiment of the invention; 
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Fig. 8 is a two plot comparison graph of transient gain error versus time for a 
1533nm signal channel when the remaining channels are dropped and added for the 
OGC amplifier with and without a PDLE according to the invention; and 

Fig. 9 is a three plot comparison graph of output power versus time for a single 
channel amplifier (PEA) with no control, optical feedback control with a fixed loss, and 
optical feedback control with a PDLE in the OFRC, when a 1557.2-nm channel with a 
power of-6dBm is added to the PEA. 

Detailed Description of Preferred Embodiments 

Reference will now be made in detail to the present preferred 

embodiments of the invention, examples of which are illustrated in the 
accompanying drawings. Wherever possible, the same reference numbers will 
be used throughout the drawings to refer to the same or like parts. An 
exemplary embodiment of the optical amplifier of the present invention is 
shown in Figure 4, and is designated generally throughout by reference numeral 
10. 

Prior to describing the invention, it will-- assist the reader in 
understanding the invention and its many attributes to have a plain 
understanding of the underlying physics in reference to the two types of optical 
control described herein, namely optical power control (OPC) and optical gain 
control (OGC). 
Optical Power Control 

A power equalization amplifier (PEA) as used herein is a single optical signal 
channel amplifier operated in saturation, in contrast to a WDM amplifier (described 
below with respect to optical gain control). When the signal channel is dropped, there is 
no longer any saturating signal in the PEA, and consequently the inversion of the PEA 
is relatively high. If a signal channel is then added by inputting it to the amplifier under 
this high inversion condition, there will be a transient power spike which is known to 
be detrimental. The idea behind optical power control (OPC) via an optical feedback 
resonant cavity (OFRC) is to "turn on" an OPC laser when the signal is dropped such 
that the power of the OPC laser increases to regulate the amplifier inversion. This 
"turning on" of the OPC laser can be achieved by controlling the loss in the optical 
feedback cavity. If the amplifier gain at the OPC laser wavelength in the signal-drop 
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state is higher than the optical feedback cavity loss, the OPC laser will turn on (lase) 
and drive the amplifier gain down to a value equal to the cavity loss when the signal is 
dropped. The OPC laser then saturates the amplifier and regulates the amplifier 
inversion. Ideally, the OPC laser will "turn off when a signal channel is added into the 
5 amplifier; otherwise, the OPC laser extracts part of the energy provided by the pump 

source, and the concept of power equalization via saturating the PEA with only the 
signal is defeated. Furthermore, since the signal power may change by a factor such as 
YdB, it is important that the OPC laser turns off with the adding of the signal channel 
having the lowest possible channel power. This can be achieved by putting a fixed 
10 (high) loss in the optical feedback cavity. At the OPC laser wavelength, the loss must 

be higher than the gain of the amplifier saturated by the lowest possible signal power so 
that when the signal appears, the OPC laser stops lasing. However, a high cavity loss 
means a low OPC laser power and a high amplifier inversion when the signal is 
dropped. If the added channel has higher power, then there occurs a transient power 
15 spike due to the high amplifier inversion. To reduce the transient power spike, the fixed 

loss in the optical feedback cavity must decrease. If the cavity loss is fixed, there is the 
paradox of having a high or alow optical feedback cavity loss. 

This paradox is addressed by the invention by incorporating a PDLE as 
described herein within the optical feedback laser cavity. When the signal appears, the 
20 OPC laser power reduces due to energy conservation. As a result, the loss in the cavity 

from the PDLE increases. An increasing power dependent loss in the optical feedback 
cavity decreases the OPC laser power even further. The feedback effect between the 
PDLE and the OPC laser power then turns the OPC laser off. With the PDLE, the OPC 
laser can be turned off with a weak signal power. On the other hand, when the signal is 
25 dropped, the amplifier inversion (amplifier gain) and the amplified spontaneous 

emission (ASE) increase. When more ASE around the center wavelength of the 
wavelength selective component is fed into the cavity and to the PDLE, the loss of the 
PDLE drops. Thus the cavity loss decreases resulting in more feedback in the cavity 
and an increase in the intensity of the ASE fed into the cavity. Eventually the power 
30 dependent loss becomes low enough that the OPC laser turns on, and the PDLE is 

driven by the OPC laser to its low loss condition. With a PDLE according to the 
invention, the cavity has low loss once the OPC laser turns on and the gain medium has 
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a low inversion. In addition, when the OPC laser turns on, the amplifier inversion is 
comparable to the inversion that is saturated by the highest possible added signal 
power. Thus the transient power spike resulting from adding a high power signal is 
reduced. 

Optical Gain Control 

Typically an EDFA is operated in its saturation regime. Thus the gain spectrum 
of a multichannel (WDM) EDFA changes as amplifier input conditions such as input 
power or pump power vary. This leads to, among other things, gain excursions, which 
are known to be detrimental. The idea behind optical gain control (OGC) via an optical 
feedback resonant cavity (OFRC) is to dynamically vary the power of an OGC laser as 
the input conditions change in order to compensate for the resulting gain excursion. 
However, because the erbium gain medium is inhomogeneous, the OGC laser burns a 
spectral hole in the gain spectrum at the OGC lasing wavelength. As a result, when the 
power of the OGC laser is increased by the dropping of channels or by an increase of 
the pump power, for example, the spectral hole at the lasing wavelength gets deeper. If 
the laser cavity loss is fixed, the inversion of the pumped erbium gain medium must 
increase to maintain the optical gain at the bottom of the spectral hole at a value equal 
to the optical loss. Thus the gain on the channels being amplified increases to cause a 
DC gain error. This is illustrated in FIG. 3(a^ (no PDLE within the cavity). In contrast, 
as illustrated in FIG. 3(b), when a PDLE according to the invention is incorporated in 
the laser cavity such that the cavity loss decreases with an increase in the incident OGC 
laser light intensity, the power dependent loss lowers the amplifier inversion and 
compensates for the effect of increasing the inversion caused by the spectral hole 
burning by the OGC laser. Thus the DC gain error is reduced. 

In accordance with the invention, with reference to FIG. 4, an optical fiber 
amplifier 10 includes a gain medium in the form of a length of erbium doped fiber 
(EDF) 12 coupled to an input 14 and an output 16 of the amplifier. An optical feedback 
resonant laser cavity (OFRC) 30, preferably in the form of a ring cavity, is connected to 
the amplifier via wavelength selective couplers 24, 26 on the downstream and upstream 
sides, respectively, of the EDF 12. The coupled wavelength from and into the couplers 
24, 26 substantially determines the laser wavelength in the OFRC 30. An optical 
isolator 28 preferably determines the direction of the laser signal (the direction of the 
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OGC laser or the OPC laser) which, as shown, travels in a clockwise direction co- 
directionally with the input signal. A pump source 18 for exciting the EDF gain 
medium is coupled to an input of the EDF 12 via coupler 20 which is preferably a 
WDM coupler. The pump source 18 is preferably a 980nm or 1480nm laser diode. The 
arrangement shown in FIG. 4 provides for a co-propagating signal and pump (left to 
right In FIG. 4); however, it will be appreciated that the pump source 18 may also be 
arranged nearer an output of the EDF 12 such that it counter-propagates relative to the 
signal. Alternatively, the amplifier 10 could utilize side excitation or cladding pumping 
Jare well known in the art. In the exemplary embodiment shown in FIG. 4, a variable 
optical attenuator (VOA) 32 is located within the OFRC 30 along with a power 
dependent loss element (PDLE) 34 that is also located within the OFRC downstream of 
the VOA 32. 

According to the invention, the PDLE 34 is characterized such that its loss value 
(and thus the cavity loss) decreases with increasing incident light intensity from the 
OGC laser or the OPC laser. This is illustrated in FIG. 5 which schematically shows the 
power dependent loss characteristic of the PDLE 34. As shown, the loss of the PDLE 
" decreases non-linearly as the incident light intensity to the PDLE increases. In a 
preferred embodiment, the PDLE is a passive structure such as a saturable absorber; 
One skilled in the art will understand that an EDF is well suited to this application 
because of electron dynamics between the I IM state and the ground state. Most 
preferably, the saturable absorber is a length of EDF 12 having a short l r ,n state Er ion 
lifetime, on the order of < 1 ms. Other saturable absorbers such as dyes, or 
semiconductor saturable absorbers, are also suitable. In an alternative embodiment, .the 
PDLE 34 is an active device that modulates the laser light intensity, such as an acousto- 
optic modulator with feedback control to adjust the cavity loss dynamically according 
to the loading condition of the amplifier. 

The ring geometry OFRC 30 combined with the PDLE 34 according to the 
invention effectively provides optical gain control (OGC) or optical power control 
(OPC) for a WDM amplifier or PEA, respectively. It will be appreciated however that 
an alternative configuration could comprise a linear OFRC geometry (not shown) 
having appropriate end reflectors such as mirrors, gratings, filters, or other suitable 
components. 
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Although the combination of the pump source 18 and the EDF 12 provides a 
signal amplifying medium in the 1500nm telecommunications window (C-band from 
about 1520-1565nm and L-band from about 1565-l625nm), the invention is not 
intended to be so limited; rather, as will be appreciated by one skilled in the art, any 
suitable spectrally appropriate gain medium may be utilized. Some examples include a 
semiconductor optical amplifier with a current pump source or a different rare earth 
doped waveguide of a glass, glass ceramic, hybrid, or other composition or form with 
an appropriate excitation source. 

Described below is an exemplary OGC embodiment of the invention, with 
reference to FIG. 4, which shows an EDFA 10 with an OFRC 30 including a power 
dependent loss element 34. The PDLE 34 is a lm long EDF 12 which exhibits a power 
dependent loss characteristic as shown in FIG. 5. The VOA 32 is set at 8.3dB to 
provide a fixed loss for the laser cavity 30 at a lasing wavelength of 1527nm, and to set 
the gain spectrum of the amplifier. The optical gains at eight wavelengths (channels) 
were measured with eight saturating signals having a per channel power of -lOdBm. 
For comparison, the performance of the OFRC 30 without a PDLE 34 and with a VOA 
32 setting of 9.5dB was also characterized. The gain spectra for the two conditions, 
shown in FIG. 6, are essentially the same and exhibit an average gain of about 16dB. 
The required pump power to provide the gain spectra was 20.8 dBm with the PDLE 
present. Each saturating channel actually represented four channels worth of power 
assuming the per channel output power is OdBm for a practical metropolitan WADM 
system. As a result, even though only 8 channels were used, the two OGC schemes 
were equivalently evaluated for EDFAs with 32-channel power loading. The gain error 
(AG) due to dropping of signal channels for the OGC schemes with and without the 
PDLE is shown in FIG. 7, where the gain error is defined to be the maximal deviation 
in gain from the fully loaded gain of the EDFA. Without the PDLE 34 in the OGC 
cavity 30, the gain of the surviving channels (which are not dropped) increases with the 
number of the dropped channels due to the increase of the spectral hole depth caused by 
the increase of the OGC laser power. For a worst case wherein seven channels are 
dropped simultaneously, the gain error is as large as about 1.3dB for the 1533nm 
channel. With a PDLE in the cavity, all of the channels acquire a negative gain error 
when one channel is dropped. When more channels are dropped, the channel gain 
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increases. Finally, when seven channels are dropped, the gain error for the surviving 
channel reaches the positive maximum. The worst case gain error is about +0.4dB for 
the 1533nm surviving channel when the remaining seven channels are dropped. 

The sign of the gain error for OGC with a PDLE 34 varies with the number of 
5 the dropped channels, as explained below. FIG. 5 shows the power dependent loss 

versus the OGC laser power incident on the PDLE, and the operational regime of the 
PDLE according to the exemplary embodiment. When the amplifier is fully loaded the 
incident OGC laser power to the PDLE is about -4dBm, and the PDLE has a loss of 
about 1.4dB. However, the power dependent loss is reduced to about 0.4dB at the point 
0 where there is but one surviving signal channel input to the amplifier. It can be 

understood from the data curve in FIG. 5 that the power dependent loss is nonlinear 
relative to the incident OGC laser power (the slope is greater for more surviving 
channels). When the first channel is dropped the power dependent loss decreases too 
much to over-compensate for a small change of the OGC laser power and the spectral 
15 hole depth, resulting in a negative gain error. 

The transient response of the 1533-nm channel due to adding or dropping the 
other seven channels is also characterized, and the results are illustrated in FIG. 8. The 
output of the amplifier 10 was band-pass filtered (about -20dB over a 3nm bandwidth) 
to ensure that only the power excursion of the one surviving channel was measured. For 
an OGC cavity without the PDLE 34 (VOA only), the gain of the 1533nm channel 
overshoots the zero level by about ldB after lOOusec of the drop transient (dropping 
the remaining seven channels). The gain error then gradually increases to the steady 
state value of about 1.3dB. When the seven dropped channels are added back into the 
amplifier so that the amplifier is fully loaded, the gain error of the 1533nm channel 
settles back to zero. The relaxation oscillations of the OGC laser are also shown 
imprinted on the surviving channel. In comparison, the transient response of the 
surviving channel for the case with the PDLE 34 in the OGC cavity 30 is also shown. 
When seven channels are dropped, the gain of the surviving channel increases by 0.5dB 
(from the zero value on the vertical axis), and then is expected to settle to its steady 
state gain error of 0.4dB. Upon adding seven channels back into the amplifier, the 
surviving-channel gain should recover to the gain value for a fully loaded amplifier and 
have zero gain error by definition. However, instead of recovering to zero gain error 



20 



25 



30 



BNSDOCID: <WO 0041348A1_I_> 



10 



15 



20 



25 



30 



PCT/US99/29620 

WO 00/41346 

14 

^mediately, the gain of the 1533nm channel undershoots the zero gain value by about 
0.6dB and then eventually recovers to zero gain error. The undershoot and slow 
recovery are due to the slow dynamics of the EDF-PDLE. When all the channels 
appear, the OGC laser power is decreased and the loss of the PDLE should become 
larger to increase the amplifier gain. However, because of the long Instate Er-ion 
lifetime of the EDF-PDLE, the power dependent loss remains low at the moment that 
the OGC laser power decreases. The loss of the PDLE 34 then increases with a time 
constant of about 10ms (on the order of the Instate lifetime of the EDF PDLE) and 
recovers the amplifier gain to its fully loaded value. PDLEs with fast dynamics such as 
short lifetime Er fibers or semiconductor saturable absorbers, would reduce the 
observed undershoot and improve the transient response. 

In a second exemplary embodiment, the transient response of a PEA 10 was 
characterized under three conditions, namely without transient power control, with 
optical feedback control with a fixed cavity loss, and with optical feedback control with 
a PDLE 34 in the cavity, as ill*.. rated in FIG. 9. The add/drop signal is at 1557.2nm, 
and the signal power is -6dBm. An EDF 12 with a length of about 12m was used as the 
PDLE. The VOA 32, which had an insertion loss of about 0.3dB, was used for fine 
adjustment of the total loss in the optical feedback cavity 30. When a signal with a 
power of -6dBm was added into the PEA 10, the output power was about 6dBm, as 
shown in the "signal adding" region in FIG. 9. If there is no power control on the PEA, 
the inversion of the amplifier is high when the signal is dropped because there is only 
ASE and no saturating signal in the amplifier. As a result, when a signal with -6dBm of 
power is added back into the amplifier, the transient power spike is as high as about 
17dBm, as shown. This transient power spike is reduced with optical feedback control. 
However, it is still 12dBm which is still considered to be 6dB too high. The OPC laser 
has to be turned off with the appearance of the lowest possible input signal power 
(-12dBm in the exemplary case). If the optical feedback cavity has a fixed loss, that 
loss must be high enough; in other words, the total optical feedback cavity loss has to 
be higher than the optical gain at the OPC laser wavelength when the amplifier has a 
-12dBm input channel as its saturating signal. A high optical feedback cavity loss 
means a low OPC laser power. As a result, when the signal is dropped and the amplifier 
is saturated by the low power OPC laser, the amplifier inversion is high, in fact higher 
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than when it is saturated by a -6dBm signal channel. Consequently, there is a transient 
spike when a signal with -6dBm of power is added to the amplifier. It can be seen 
clearly that the transient spike is almost eliminated with a PDLE 34 in the optical 
feedback cavity 30 because the cavity loss is adjusted dynamically, as explained above. 
5 In an alternative aspect of the present invention, the VOA in the optical feedback cavity 

may be replaced by a well calibrated and performed off-set splice as a loss element. 

Another embodiment of the invention is shown with reference to FIG. 2 as an 
improvement in a conventional lxNxN wavelength add/drop multiplexed (WADM) 
optical transmission node 1 10 that includes an M in x N oul demultiplexer 101 with M in > 
0 1 and N out > 1 for demultiplexing an optical signal having a wavelength range A\ ]n into 

a plurality of N optical signals (two shown for clarity) each having a discreet 
wavelength X t (i=l to N) or a plurality of N optical signals each having a wavelength 
range A Xj 0=1 to N-l). There are N add/drop signal propagation paths 103 coupled at 
one end 105 each thereof to N ou , of demultiplexer 101 , wherein each path 103 includes 
5 an optical amplifier 10 as shown in FIG. 4, with the exception that the pump source 18 

is commonly shared among the N optical amplifiers 10 via pump paths 121. An N in x 
Zout multiplexer 107 with Zo U[ > 1 , for multiplexing at least some of the N in optical 
signals, is coupled to another end 109 of each of the N add/drop signal propagation 
paths. At least some of the optical amplifiers 10 each incorporate an OFRC 30 which 
20 comprises a PDLE 34 as described above, thereby addressing the problem of 

dynamically variable signal input conditions to the amplifiers resulting from channel 
adding/dropping. All or some of the N optical amplifiers 10 are single channel PEAs or 
WDM amplifiers depending upon the application. If the amplifiers are PEAs, then 
changing input conditions will cause output power variations. Likewise, if the 
25 amplifiers are WDM amplifiers, changing input conditions will cause gain errors at the 

amplifier output. In an aspect of this embodiment, an input amplifier 121, preferably 
being a WDM amplifier, is connected to the demultiplexer 105 at an input of the node. 
Amplifier 121 is preferably equipped with an OFRC 30 including a PDLE 34 according 
to the invention. In a further aspect, node 1 10 is equipped with an output amplifier 123, 
30 preferably a gain-controlled WDM amplifier. 

In another embodiment of the invention, a method for controlling a transient 
power change in a single channel optical amplifier or reducing a DC gain error in a 
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WDM optical amplifier that are subject to dynamically variable operating conditions at 
an input of the amplifier, and including an OFRC coupled to a gain medium of the 
amplifier having an output power that is dynamically dependent upon the operating 
conditions, includes the step of decreasing the cavity loss of the OFRC as the output 
5 power of the OFRC increases or vice-versa, whereby the inversion of the amplifier gain 

medium is dynamically varied to reduce gain or power changes in the amplifier. 

DC gain error results from spectral hole burning which is an artifact of adding 
or dropping optical signals or increasing/decreasing the pump power to the amplifier, 
because erbium is not a purely homogeneous medium. The OFRC 30 functions as an 
10 optical gain control (OGC) mechanism for the amplifier 10 as described above. 

Without a PDL in the cavity according to the invention, the cavity loss is fixed and the 
inversion of the EDF gain medium 12 must increase to maintain the optical gain at the 
bottom of the spectral hole equal to the optical loss at the OGC laser wavelength. Thus 
the gain of the channels being amplified increases to cause DC gain error. Providing the 
1 5 laser cavity 30 with a power dependent loss according to the invention decreases the 

EDF 12 inversion which in turn compensates for the effect of increased inversion 
caused by the initial spectral hole burning of the OGC laser. Similarly, if the amplifier 
10 is a PEA, the method provides for optical power control to reduce transient power 
spikes resulting from changing amplifier input conditions. 

It will be apparent to those skilled in the art that various modifications and 
variations can be made to the present invention without departing from the spirit or 
scope of the invention. Thus, it is intended that the present invention cover the 
modifications and variations of this invention provided they come within the scope of 
the appended claims and their equivalents. 
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We claim: 



1. A wavelength add/drop multiplexed (WADM) amplified optical transmission 
node, comprising: 

an M in x Nout port demultiplexer with M in > 1 and N ou t > 1; 
5 N add and/or drop signal propagation paths each having one end coupled to one 

of the Noui ports; 

an optical amplifier having a gain medium located within at least one of the N 
add and/or drop signal propagation paths; and 

an N in x Z om port multiplexer with Z out > 1 , wherein another end of each of the N 
10 paths is coupled to one of the Z ou t ports; 

characterized in that, 

each optical amplifier includes an optical feedback resonant laser cavity coupled 

to the gain medium; and 

a power dependent loss element within each optical feedback resonant laser 
15 cavity which exhibits a decreasing loss as a function of an increasing incident laser 

light intensity into the power dependent loss element. 

2. The node of claim 1 , wherein the power dependent loss element includes at least 
one of an active mechanism and a passive mechanism. 



20 



3. The node of claim 2, wherein the active mechanism comprises a light intensity 
modulator and a feedback control. 



4. 



The node of claim 2, wherein the passive mechanism comprises a saturable 



25 



absorber. 



5. 



The node of claim 4, wherein the saturable absorber is a rare earth doped fiber. 



6. 



The node of claim 4, wherein the saturable absorber is a length of erbium doped 



30 



fiber. 
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7. The node of claim 2, wherein the optical feedback resonant laser cavity is a ring 
cavity. 

8. The node of claim 2, wherein the optical feedback resonant laser cavity is a 
linear cavity. 

9. The node of claim 7, wherein the optical feedback resonant laser cavity is 
coupled to the gain medium by a wavelength selective coupler for coupling a lasing 
wavelength into the optical feedback resonant laser cavity. 

10. The node of claim 9, wherein the lasing wavelength propagates in the optical 
feedback resonant laser cavity co-directionally with an optical signal input to the 
amplifier. 

11. The node of claim 1 , wherein the gain medium is a rare earth doped fiber. 

12. The node of claim 1 1, wherein the rare earth doped fiber is an erbium doped 
fiber. 

13. The node of claim 1 , further comprising a pump source coupled to a plurality of 
the optical amplifiers each located in one of the propagation paths for providing 
excitation energy to said amplifiers. 

14. The node of claim 13 wherein the pump source is a light source. 

15. The node of claim 13, wherein the pump source is a current source. 



16. The node of claim 1, further comprising a WDM optical amplifier coupled to 
the demultiplexer at an input of the node, wherein the WDM optical amplifier includes 
30 one of the optical feedback resonant laser cavities and one of the power dependent loss 

elements. 
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17. The node of claim 1 , wherein the optical amplifier is a single channel amplifier. 

18. The node of claim 1, wherein a the optical amplifier is a WDM amplifier. 

5 19. An optical amplifier, comprising: 

a gain medium; 

a pump source coupled to the gain medium; 

an optical feedback resonant laser cavity coupled to the gain medium; and 
a power dependent loss element within the optical feedback resonant laser 
,0 cavity which exhibits a decreasing loss as a function of an increasing incident laser 

light intensity into the power dependent loss element. 

20. The amplifier of claim 19, wherein said amplifier is a WDM amplifier, 
haracterized in that the amplifier is subject to a dynamically variable operating 
condition at an input of the amplifier which contributes to a gain error at an output of 
the amplifier, whereby the optical feedback resonant laser cavity exhibits a dynamically 
variable loss or gain as a function of the dynamically variable operating condition for 
improving the gain error. 
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20 
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21. The amplifier of claim 19, wherein said amplifier is a single channel amplifier, 
characterized in that the amplifier is subject to a dynamically variable operating 
condition at an input of the amplifier which contributes to an output power variation at 
an output of the amplifier, whereby the optical feedback resonant laser cavity exhibits a 
dynamically variable loss or gain as a function of the dynamically variable operating 
25 condition for compensating the output power variation. 

22. The amplifier of claim 19, wherein the power dependent loss element includes 
at least one of an active mechanism and a passive mechanism. 



23. The amplifier of claim 22, wherein the active mechanism comprises a light 
intensity modulator and a feedback control. 
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24. The amplifier of claim 22, wherein the passive mechanism comprises a 
saturable absorber. 

25. The amplifier of claim 24, wherein the saturable absorber is a rare earth doped 
fiber. 

26. The amplifier of claim 24, wherein the saturable absorber is a length of erbium 
doped fiber. 

27. The amplifier of claim 19, wherein the optical feedback resonant laser cavity is 
a ring cavity. 

28. The amplifier of claim 19, wherein the optical feedback resonant laser cavity is 
a linear cavity. 

29. The amplifier of claim 19, wherein the optical feedback resonant laser cavity is 
coupled to the gain medium by a wavelength selective component for coupling a lasing 
wavelength into the optical feedback resonant laser cavity. 

30. The amplifier of claim 27, wherein a lasing wavelength propagates co- 
directionally with an input optical signal. 

3 1 . The amplifier of claim 19, wherein the gain medium is a rare earth doped fiber. 

32. The amplifier of claim 3 1 , wherein the rare earth doped fiber is an erbium 
doped fiber. 

33. The amplifier of claim 19, wherein the pump source is a light source. 

34. The amplifier of claim 19, wherein the pump source is a current source. 

35. The amplifier of claim 19, wherein the gain medium is a semiconductor. 
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36. A method for controlling a transient power change in a single channel optical 
amplifier or reducing a DC gain error in a WDM optical amplifier that are subject to 
dynamically variable operating conditions at an input of the amplifier, and including an 
OFRC coupled to a gain medium of the amplifier having an output power that is 
dynamically dependent upon the operating conditions, includes the step of decreasing 
the cavity loss of the OFRC as the incident output power of the OFRC increases or 
vice-versa, whereby the inversion of the amplifier gain medium is dynamically varied 
to reduce gain or power changes in the amplifier. 

37. The method of claim 36, wherein the step of decreasing or increasing the cavity 
loss of the OFRC as the incident output power of the OFRC increases or decreases, 
respectively, includes providing a saturable absorber within the OFRC having the 
characteristic that as the output power of the OFRC incident upon the saturable 
absorber increases, the loss of the absorber decreases. 
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